Introduction
Inorganic phosphate, hereafter referred to as phosphate, is known to stimulate the metabolism of glucose in human red cells [9, 10] . Recent experiments from this laboratory [4] have indicated that slightly higher concentrations of adenosine triphosphate (ATP) are maintained during storage when the preservative contained phosphate (2 mM) as in citrate-phosphate-dextrose (CPD). Other recent experiments [3] have shown that high concentrations of phosphate (10-20 mM) are deleterious to the maintenance of both 2,3-DPG and ATP during storage. In the present experiments lower concentrations of phosphate have been used with careful control of the pH of each preservative to attempt to determine if the amount of phosphate in CPD is optimal for maintenance of 2,3-DPG (for hemoglobin function) and ATP (for red cell viability) during storage.
Methods
Blood was drawn from a single healthy young male volunteer into identical plastic bags (Fenwal | containing the preservatives to be compared (Table 1) . The preservatives had been sterilized by Milliporefihration (0,22 b~ pore width). Five bags of blood were collected and stored together at 4 • 1 ~ C in a blood bank refrigerator. At weekly intervals aliquots were removed for study. Anaerobic and aseptic techniques were used during collection, storage, and sampling. Concentrations of 2,3-DPG and ATP were determined by the enzymic recycling method of l~owry [8] using ratio fluorometry as described previously by Bunn et al. [ I] . The mean concentration of 2,3-DPG for fresh blood specimens from a normal population (n = 18) was 4.55 + 0.12 (SEM) b~m/ml of red blood cells (RBC), and the mean ATP concentration was 1.34 • 0.033 (SEM) btm/ml of RBC.
The pt-I of each blood sample after equilibration in a tonometer with six percent oxygen was measured by the Instrumentation Laboratories Model No. 113 pH/Blood Gas Meter.
Results
In Fig. 1 , concentrations of 2,3-DPG are shown during the fiveweek storage period. At day zero, the day of collection, the values for 2,3-DPG in each of the preservatives are similar. After one week, the 2,3-DPG concentration in 2 mM phosphate preservative has increased and it stays above the control and the other preservatives of higher phosphate concentration through two weeks of storage. The 4 mM phosphate preservative at one week is not quite as good with respect to maintaining 2,3-DPG as the 2 mM phosphate, but it is better than the control, containing no phosphate, and better than the preservatives containing 6 and 8 mM phosphate. This difference persists for two weeks. The higher phosphate preservatives (6 mM and 8 raM) maintained 2,3-DPG less well than the control for the first two weeks. The control preservative, containing no phosphate, maintains 2,3-DPG in a manner that is intermediate between the two lower phosphate concentrations (2 mM and 4 raM) and the two higher phosphate concentrations (6 mM and 8 raM). From three to five weeks of storage there is no appreciable difference between preservatives in their maintenance of 2,3-DPG.
In Fig. 2 , the concentrations of ATP are shown during storage for five weeks in the preservatives with no phosphate and with various amounts of phosphate from 2 to 8 mM. The 8 mM phosphate preservative maintains slightly higher ATP concentrations during the first one to two weeks of storage. There is very little, if any, difference between preservatives at three weeks of storage; however, at four and five weeks of storage the higher phosphate preservatives seem to maintain ATP better. Throughout the storage period, from zero to five weeks, the low phosphate (2 mM) and control preservative without phosphate seem to have the lowest maintenance of ATP. Table 2 : Whole blood pH values during storage in various phosphate-containing preservatives. Measurements were made anaerobically after equilibration with 6% 02 and 5%
C02.
The pH values given in Table 2 indicate that after collection the preservatives have very nearly the same pH. Notice at day zero that the difference between pH's in the control, no phosphate preservative, or the 2 mM phosphate preservative, pH 7.17, and the high phosphate preservative, 6 and 8 raM, pH 7.15, is only 0.02. During storage, the differences in pH are accentuated slightly so that at one week of storage the difference between no phosphate and 8 mM phosphate is 0.04. Also, at three weeks the difference between the no phosphate preservative and the 8 mM phosphate preservative is only 0.04 pH. At four weeks of storage, the difference between these two is 0.05 pH units and at five weeks the difference between the no phosphate preservative and the 8 mM phosphate preservative has increased to 0.10 pH units.
Discussion
The studies reported here are a further attempt to establish the optimal conditions under which stored whole blood in a liquid state will maintain 2,3-DPG and ATP. Both of the currently used preservatives, ACD and CPD, were developed before it was known that 2,3-DPG was necessary for normal hemoglobin function. Earlier publications from this laboratory have established that 2,3-DPG is maintained better when the blood is stored in CPD than when stored in ACD [5, 6, 7] . We recently showed that the higher pH of CPD is the reason for its better maintenance of 2,3-DPG during storage compared to ACD [4] . It was also shown in that report that whenever phosphate was present in the preservative ATP was better maintained. Previous studies using inorganic phosphate as the supplement for the storage of human red blood ceils have used 10 mM phosphate [2] . In our recent study on the phosphate effects [3] we presented evidence that the low amount of phosphate (2 raM) was optimal for maintaining 2,3-DPG and ATP during storage when compared with the much higher concentrations of 5, 10, 15, and 20 mM phosphate. In the present studies smaller increments of phosphate in the lower range have been studied. Again, it seems clear that a small amount of phosphate (2 mM) is helpful and that higher concentrations are not helpful but, in fact, are deleterious to the maintenance of 2,3-DPG, and thus to hemoglobin function during storage. In previous publications [3, 4, 6] , we have shown the direct correlation between 2,3-DPG concentration and Ps0, a measure of hemoglobin function. It is therefore acceptable to consider that 2,3-DPG concentrations represent hemoglobin function just as we have assumed that adequate ATP concentrations would imply the ability of the red blood cell to survive in vivo. It must be admitted that these are approximations, but it must also be obvious that they are relatively reliable indicators. With respect to hemoglobin function, the implication is that when 2,3-DPG concentrations are normal, then hemoglobin function will be normal. Also, with decreasing 2,3-DPG concentrations during storage, a decrease in Ps0 (an inverse, but direct, measure of hemoglobin function) indicating impairment of hemoglobin function will be seen.
In the previous paper in which higher phosphate concentrations were studied [3] the pH differences between preservatives were as great as 0.20 pH units. This indicated the possibility that we might have been studying a pH effect in those experiments. In the present experiments in which small amounts of phosphate were added to an anticoagulant which represented the basic formulation of CPD, the differences in pH between the preservatives were so small during the first three to four weeks of storage that the changes in ATP and 2,3-DPG produced can be said to have been caused by the added phosphate.
